Abstract: In consideration of great need for the physicochemical properties of slag systems in metallurgical process estimation, this work examined the possibility of predicting multi-properties by one model. The mass triangle model was applied to evaluate the density, viscosity, surface tension and sulfide capacity of CaO-"FeO"-SiO 2 system at 1,673 K. Good agreements were achieved between calculated data and experimental data in the various properties. Meanwhile, the calculated contour lines successfully predicted the properties of slag within the limited solubility area. The new model thus is competitive and flexible when an integrated knowledge of a certain system is necessary.
Introduction
Process estimation in metallurgical industry calls for a thorough understanding and an integrated control for slag properties, and metallurgical slag is supposed to offer both good dynamic conditions and adequate capacities to absorb impurities in ironmaking and steelmaking process. Thus, calculation of a certain slag system is a symmetric task and must be based on integrated assessments of various properties, including thermophysical and thermochemical properties.
To solve such problem, it is not possible to solely depend on the experimental works due to the huge amount and difficulties of measurements at high temperatures. Another choice might be to combine the experimental with the modeling. Therefore, various models have been proposed to evaluate different properties. Usually, researchers addressed a model for one property. In the case of viscosity, Riboud et al. [1] and Iida et al. [2] proposed equations for the viscosities on the basis of relationships between the network parameter and the reciprocal of the basicity index. Seetharaman [3, 4] reported a model based on the absolute reactionrate theory, utilizing the Gibbs energies of mixing of the silicate melts. Zhang and Jahanshahi [5, 6] employed a function of bridging oxygen and free oxygen ions to elucidate the network structure and viscosity of molten slag. To evaluate the density of slag, Persson [7] found a relation between the molar volume of slag and the relative integral molar mixing enthalpy. Zhang [8] also derived an equation between density and optical basicity of slag. The optical basicity could also be used to evaluate the sulfide capacity of slag, as well, which was put forward by Sommerville [9] and developed by Young [10] . Researchers from KTH [11] developed a model to describe the sulfide capacity of slag on the basis of Temkin theory [12] . Reddy et al. [13] presented a model relating oxide activity to sulfide in binary system, then Pelton [14] extended this model to multicomponent system later. The same situation could be seen for surface tension, some were on basis of the additivity rule [15] and other models [16] [17] [18] [19] [20] were based on Butler's equation [21] . Meanwhile, Nakamoto et al. [22] also utilized neural network computation to estimate the surface tension of molten silicate slags.
Even though, lacking of a model which can predict various properties for one system makes the optimization of industrial processes challenged. Therefore, in the present study, an attempt has been made to evaluate several properties by Mass triangle model, proposed by Zhou et al. [23] . In view of the importance of CaO-"FeO"-SiO 2 system in ferrous and non-ferrous metallurgy as well, this system has been selected as an example to perform the examination.
Theoretical basis
To orient the author, the brief introduction of mass triangle model has been given in this section. The detailed information can be found elsewhere [24, 25] . For metallurgical slag, they are usually limited solubility system at certain temperature, which means no intersect point with binary systems. As shown in Figure 1 , the area within the boundary represents a homogenous system. O is a composition point within this area. Three lines that parallel to the three sides of the triangle were drawn from O. They intersect with the sides at A, B and C and intersect with the soluble boundary at A', B' and C'. P A , P B, and P C' represent the property data of point A', B' and C' respectively. W A' , W B' , and W C' refer to the weight factors of these three points. The weight factor of A is determined by area ratios represented in eq. (1).
When the property data on the boundary are known, then the property of point O within the area P O could be expressed as the weight summation of properties of A', B' and C', which is shown in eq. (2).
Results and discussion
The limited solubility boundary of CaO-"FeO"-SiO 2 system at 1,673 K was calculated by Factsage 6.2. Due to the utilization condition of this new model, the estimation of several properties in this area has been performed according to the corresponding data available in literature . And the liquid line was also drawn in the figures which shown the calculated contour lines.
Density of CaO-"FeO"-SiO 2 system
The density of slag is of great importance because it directly affects the volume of slag. Therefore, knowing the density of the slag can give instruction for the many processes, such as electroslag remelting, molten-salt electrolysis, etc. There were many researchers [26] [27] [28] [29] having reported reliable density data of this system. Lee [26] studied the density and structure of CaO-"FeO"-SiO 2 in the temperature range of 1,573 K~1,873 K by maximum bubble pressure method. The starting materials included wustite prepared by melting and reducing ferric oxide in iron crucibles. Meanwhile, argon gas was used as the bubbling gas. Based on his experimental data, densities of CaO-"FeO"-SiO 2 at 1,673 K were calculated by the model described above. The results are shown in Figure 2 .
As discussed by Lee, when the mole fraction of SiO 2 increased, the average silicate anion size would increase as well. As shown in the figure, with increasing content of SiO 2 , the density value got decreased. That was identical with the atmosphere presented by Lee. Meanwhile, Lee also pointed out that the calcium silicate melts were less polymerized than the corresponding iron silicates. Again, the calculation gave the same trend, that is, the increasing content of "FeO" elevated the density, while the effect of CaO content to the density is not very obvious. In order to measure the accuracy of this new model, two experimental data were taken to compare the calculation results, marked by a circle and a cross. The deviation is defined by eq. (3). Table 1 showed the calculation error rates of these two data were -0.346 % and 1.003 %, respectively.
It is demonstrated that the new model successfully predicted the trend of density change with different composition. When the composition is fixed, the model can also calculate the property using the boundary point with a lower deviation.
Viscosity
Viscosity is one of the most important properties in both ironmaking and steelmaking, in that slag reacted with both metal and gas. If the viscosity is too high, the slag cannot absorb detrimental element and gas in unable to get through the slag smoothly. However, if the viscosity is too low, foaming is likely to happen, and it could cause serious difficulty and harm. Therefore, viscosity is also a basic factor that is taken to consideration in process modeling. Previous papers [30] [31] [32] [33] [34] [35] made a great contribution to understanding the viscosity of CaO-"FeO"-SiO 2 system.
Ji [30] reported his experimental study on viscosity of CaO-"FeO"-SiO 2 system in temperature range of 1,423 K-1,753 K. In his experiment, iron crucible was employed to both mix the slag and measure the viscosity. And the oxygen partial pressure was kept between 2.5 × 10 -10 and 1 × 10 -6 atm. Based on the experimental data, the viscosity contour lines were obtained, shown in Figure 3 . Generally, the viscosity increased as the SiO 2 content increased. This was because the SiO 2 always acted as a network former, which would increase viscosity of slag. On the contrary, increasing content of "FeO" and CaO will decrease the viscosity, due to their function of a network modifier. Ji also indicated that replacement of SiO 2 by "FeO" caused a dramatically decrease in viscosity. The experimental data reported by Gudenau [35] was slightly higher than the calculation, partly due to the slag containing ferric oxide.
Surface tension
Information on the surface tension of slags is related to the interface behavior of slag phase and has combined effect with other properties. In sintering process, the surface tension plays an important role in pelleting of raw materials. In ironmaking and steelmaking, the decrease of ratio of surface tension to viscosity is necessary to obtain a stable foaming slag. In refining and continuous casting, this property affects the absorption capacities to inclusions and erosion to the refractory and mold channels. Valuable data can be found in previous work [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . Lee et al. [43] studied the surface tension of CaO-"FeO"-SiO 2 system in different temperatures and based on his experimental data, iso-surface tension lines were calculated, presented in Figure 4 . As can be seen, the calculation results satisfactorily predicted trend of surface tension with altered composition. The increasing content of CaO severely elevated the surface tension of this system while the increasing content of SiO 2 slightly lowered the surface tension. However, the effect of "FeO" content was not as notable as other oxides. The point marked by a dot was calculated to have an error rate of 1.04 %, as presented in Table 1 . Therefore, the new model can also estimate the surface tension of CaO-"FeO"-SiO 2 system successfully.
Sulfide capacity
Sulfur removal in ironmaking and steelmaking processes is now of even more importance than in the past because of the increasing demand for extremely clean steel. Sulfide capacity is regarded as the capacity of a slag to hold sulfur, which is of great importance to the industry application. As for the system concerned, Nzotta et al. [47] have studied the sulfide capacity of CaO-"FeO"-SiO 2 system at 1,673 K and 1,773 K by gas-slag equilibrium. FeO used in his studied was examined by X-ray Diffraction for confirmation. Thus, these data obtained by experiment work were used as "boundary data", and then the calculation performed. The sulfide contours are exhibited in Figure 5 .
As seen in the figure, the increase of SiO 2 content considerably hindered the desulfurization capacity. That was because SiO 2 was an acid oxide which could not offer much O 2-so it had a lower affinity to sulfur. Generally, increasing content of "FeO" and CaO favored desulfurization. However, the effect of "FeO" and CaO could not be distinguished easily. Nzotta also mentioned the marginal difference observed in C S values between "FeO"-SiO 2 slag and CaO-SiO 2 slag. Comparison between the reference data and the calculated data was shown in Table 1 . An error rate of -7.3 % was obtained when evaluating sulfide capacity of the point marked by a round dot. Similarly, the new model worked well with the sulfide capacities of CaO-"FeO" -SiO 2 both in contour lines derivation and calculation for fixed composition.
Conclusion
To gain a better estimation of thermophysical and thermochemical properties, it is necessary to make modeling according to the limited experimental data. Despite the widely development of various models, efforts for using one model to predict various properties for a certain system are very limited. In this work, mass triangle model was employed to evaluate the density, viscosity, surface tension and sulfide capacities of CaO-"FeO" -SiO 2 system at 1,673 K. The calculated contour lines revealed the reasonable trend as experimental results, and calculation results for fixed compositions are very close to the experimental data 
